Conventionally, the noise parameters of a Device under Test (DUT) which generally characterize the noise performance of the DUT, are obtained via the impedance tuner technique. The authors have previously presented a technique which eliminates the need for impedance tuner, and rather employs an 8-port network that enables the extraction of the noise correlation matrix of a given DUT and thus its noise parameters. In this paper, we present a further simplification of the 8-port network technique, which also eliminates the need for a conventional external noise source. Cold noise powers emanating from a DUT are measured via a 6-port network with the aid of matched termination. The measured noise powers provide sufficient information for determining the noise wave correlation matrix of a DUT, which are then converted into the conventional 2-port noise parameters. The proposed technique is simple, fast and is verified to give a good estimation of the noise parameters of selected DUTs.
Introduction
The noise figure represents the noise contribution of a 2-port device to an output load compared with an external noise source having a fixed source impedance and at temperature T o [1] . The noise figure varies with varying source impedance [2] due to the dependence of an equivalent Norton current source (representing the noise of a DUT) on the source impedance. The noise parameters, which characterize the noise performance of a Device under Test (DUT) and which are crucial in the design of low noise amplifiers (LNAs), describe the dependence of the noise figure on the source impedance of the DUT; a fact that is exploited in the measurement of the noise parameters in the Multi-Impedance Technique [3] .
In the Multi-Impedance Technique, a number of noise figure measurements corresponding to different source impedance of the DUT, are made, following which the minimum noise figure and the optimum reflection coefficients, at which the former occurs, are obtained. Since there are four noise parameters (four unknowns), theoretically, only four measurements are required to determine the noise parameters. It has however been observed that [3] this technique is not quite satisfactory; the main reason being that, the partial derivative of the noise factor, with respect to source admittance is zero at the minimum noise factor. It has also been observed [4] that, this technique is highly sensitive to measurement error especially for devices having large values of R n (> 150 Ω). It was further observed that, [5] the least-square fit approach as proposed in [3] sometimes leads to meaningless results. Other variations of the Multi-Impedance technique that improves the accuracy of the extracted noise parameters have been reported in [6] - [11] , [12] .
The use of the bulky impedance tuner in the multi-impedance technique has some drawbacks including making the measurement less convenient. Long measurement time and repeatability errors are some of the other well-known drawbacks of the impedance tuner technique [13] . The bulky nature of the impedance tuner also complicates on-wafer measurement. A number of alternative techniques based on the wave representation of the noisy 2-port and which avoids the use of microwave impedance tuners have therefore emerged.
These techniques have proven effective due to the convenience of expressing the relationship between the waves in terms of scattering parameters. Once the noise wave parameters and corresponding correlation matrix for a given DUT are extracted, transformations already exist for converting the noise wave correlation matrix to noise parameters.
The analysis of linear noisy networks based on the noise wave formalism abound in the literature [14] , [15] , [16] , [17] - [20] and form the basis for some of the noise parameters extraction techniques discussed below.
Although not many, the techniques appearing in [14] , [16] - [22] , [23] - [26] are significant contributions as far as the noise wave technique for the extraction of noise parameters is concerned. In one of the early works in this regard [14] , an almost lossless source of varying phases and a matched load enabled the determination of the noise temperatures of three sets of wave parameters in addition to the phase of the cross-correlated noise power spectrum, that completely characterize the noise properties of a linear two-port.
In yet another significant contribution [15] , [20] - [21] , the self-correlated noise power densities of the DUT were measured via a thru and the cross-correlated noise power densities via a 3 dB hybrid coupler, alternately connected to the noise source and DUT via two sets of circulators, which resulted in the noise wave parameters of the DUT. It must also be mentioned that, the use of a 6-port network [27] , was seen as an alternative [20] to the use of couplers/Thru combination, although the implementation of same as a practical noise wave correlator was deferred to future work.
The authors presented a technique [28] for noise parameters extraction that makes use of an 8-port extension of the 6-port network. The necessity for the 8-port extension arose from the need to allow for simultaneous connection of an external noise source and the DUT during measurement.
The present method recognizes that, by directly measuring the noise powers at the output of the 6-port network, as opposed to the case in the previous method, where noise figure and gain measurement were used to determine the noise powers emanating from the 8-port network, the external noise source may not be necessary. Thus, the extension to an 8-port network to cater for the external noise source, resulting in complex calibration process, may not be necessary after all. Elimination of the external noise source and using a standard 50 Ω termination instead for cold noise power measurement means a 6-port network works just fine as a noise wave correlator. A new formulation for the estimation of the noise powers exiting the measurement ports of the 6-port network is developed, leading to new simplified calibration equations and procedures and thus simplified technique for the determination of the noise wave parameters of the DUT. The proposed technique is experimentally verified to give a good estimation of the noise parameters of a 10 dB attenuator, as sample DUT, and compares very favorably with the simulated noise parameters of the same DUT. Figure 1 shows the 6-port network, consisting of five (5) Wilkinson Power Dividers and one (1) 90° Hybrid. The noise waves emanating from the DUT, c d1 and c d2 , denoted as vector c D , are correlated via the 6-port network through the input ports (ports 5 and 6) and exit the output ports (ports 1-4) through the SP4T switch, together with the noise waves emanating from the 6-port network and associated terminations. It is obvious from the structure of the 6-port network that, the noise wave c d1 and c d2 can be determined from noise powers measured at ports 1 and 2 respectively. Information on the correlations between c d1 and c d2 on the other hand can be determined from the noise powers emerging from ports 3 and 4, which give the quadrature and in-phase sum of the input noise waves c d1 and c d2 respectively. The S-parameters of the 6-port network can be partitioned into four (4) sub matrices from which the relationship between input and output parameters can be expressed as in (1) . S ij in (1) represents the partitioned S-parameters of the 6-port network. b is noise waves out of the 6-port, a is noise wave input from port and switch terminations and c is the internal noise of the 6-port network. The subscript e, represents the output ports (ports 1-4) and i represent the DUT noise input ports (ports 5 and 6) respectively. 
Formulation
Expanding (1),
Denoting the DUT S-parameters as S D , the noise waves delivered to the input of the 6-port network (ports 5 and 6) from the DUT is given by
The noise emanating from the 2-port DUT is incident on the input ports of the 6-port network and thus Di  ba and the noise emanating from the 6-port network and appearing at its input port is also incident on the 2-port DUT. Thus Di  ab . Therefore,
Expressing this in terms of i b (6) and substituting (6) into (3) results in
I S S a S S a S c c
Therefore,
I S S S S a I S S S c I S S c
Finally, substituting (9) 
Defining new embedded matrices, equation (11) can be expressed as 
Each matrix is then defined as
Equation (12) represents the relationship between possible noise sources and the noise waves emanating at the output ports of the 6-port network. Suppose the internal noise sources of the 6-port network, and any external noise source resulting from terminations are accounted for through calibration, then, 0 ei  cc and 0 e  a . From (10), the output noise waves emanating from the four (4) output ports of the 6-port network which is due solely to the DUT, β e can then be related to the actual noise waves of the DUT c D as, eD  β Λc (13) Thus, the noise waves parameters of the DUT where c ij are the elements of the ABCD noise correlation matrix obtained from the transformation of the noise wave parameters, k is Boltzmann's constant and T is temperature.
Calibration
Since the noise wave spectral densities emerging at the output of the 6-port network include the noise waves from terminations in the SP4T switch as well as terminations at ports 5 and 6 that are employed for calibration and the noise waves emanating from within the 6-port itself, it is necessary to determine these noise waves and their respective contributions to the output noise power. This process, termed calibration, enables us to determine the noise waves exclusively due to the DUT. Referring to Fig. 1 , the noise waves of the DUT c d1 and c d2 combine with that from the 6-port network, switch terminations (ports 1-4) as well as standard terminations at ports 5 and 6, and appear at the output ports of the 6-port network. Calibration of the 6-port network is thus necessary in determining the noise waves exclusively due to the DUT.
The calibration follows from equation (12) . In the absence of DUT, the input ports of the 6-port network (ports 5 and 6) are terminated in standard 50 Ω terminations. The output noise wave vector b e for this situation will be due to the thermal noise from the 50 Ω terminations, switch terminations as well as the noise internal to the 6-port network which appear at the output ports. The thermal noise from switch termination, a e in (2) can be determined from their available noise power density, kT o and thus the internal noise emanating from the 6-port network, c e can thus be determined. Note that, the noise wave vector a i is terminated in the matched 50 Ω termination and since the DUT in this case is a pair of 50 Ω terminations connected to the input ports, S D is zero and (2) reduces to eT ee e e  b S a c (15) where b eT is the noise waves available at the output ports when the input ports are terminated in matched 50 Ω terminations. The noise powers at the output ports in this case can be expressed as 
S a c S a c S a a S c c S S C (16) The operation   d  denotes the diagonal of a matrix and † represents conjugate transpose of a matrix. ee C in (16) is the correlation matrix of the noise waves emanating from the 6-port network, normalized to thermal noise power, and appearing at the output ports. Thus, ee C can be determined from
Referring to Fig. 1, c i1 , c i2 , and their correlation with c e can be determined by connecting highly reflective loads at ports 5 and 6 and observing the changes in c e at ports 1-4. Three terminations such as open, short and offset open are connected to port 5 to determine c i1 and its correlation with c e while port 6 is terminated in 50 ohm load. Alternately, c i2 and its correlation with c e can be obtained by changing the roles of ports 5 and 6. Denoting the measured noise wave for this case, normalized by the thermal noise, kT o , as n C , the following relation can be obtained using (12) . (18) In (18), C T represents the noise wave contribution to n c by the 50 Ω termination at port 5 or 6, depending on which port the reflective load is connected to. C T for the matched 50 ohm termination is given by 00 01 T
   

C
Further simplification of (18) 
Note that the first 2 terms on the right hand side of (19) are known when the DUT and 6-port S-parameter are known. Defining excess noise due to correlation, normalized by kT o , as β C , and arranging the known terms on the left hand side and the unknown terms on the right hand side results in
C ee has been determined in a previous calibration step, M, Λ and Q are known from the S-parameters of the 6-port network and DUT, which in this case are the terminations at ports 5 and 6. The unknowns are C ii , which are the normalized noise power spectrum from the 6-port network appearing at ports 5 and 6; C ie and C ei are the normalized correlations between c i and c e . These three quantities can be determined from three simultaneous equations generated using three different terminations such as open, short and offset open. Thus all the noise waves associated with the 6-port network and terminations would have been determined from these calibrations.
To measure the noise wave parameters of a DUT, the DUT is connected to the input ports, (ports 5 and 6) and because all the noise waves emanating from the 6-port network were determined a priori in the calibration process, the noise powers emanating from the DUT can easily be determined from
where n D is the measured noise power spectrum (normalized to thermal noise power) at the output of the 6-port network while the DUT is connected. Whereas n D includes all the noise contributions from the 6-port network as well as terminations, β D is the normalized excessive noise power due exclusively to the DUT. Since Λ is known from the S-parameters of the 6-port network, C DD , the normalized noise wave correlation matrix of the DUT can then be determined. As discussed in Section II, the noise parameters can then be determined from the noise correlation matrix.
Measurement
The measurement set-up is shown in Fig. 2 . It consists of the 6-port network, two (2) sets of low noise amplifiers (LNAs), a single-pole four-throw (SP4T) switch, noise figure analyzer (NFA), D.C. Supply and computer connected via GPIB cable. The two (2) LNAs in Fig. 2 are for gain boosting and their DC voltages are supplied using a 6626A D.C supply from Agilent. Fig.2 . The 6-port network noise wave correlator measurement set up As noted previously, the essence of the calibration is to determine the noise contribution of the 6-port network to the measurement port as well as those of switch and standard 50 Ω terminations. The following are the steps involved in the calibration. The reference to port numbers is as designated in Fig. 1 .
Step1: Calibrate NFA with a standard 50Ω termination. The aim is to record as close to 0 dB noise powers as possible on the NFA.
Step2: The calibration set up is wired as shown in Fig. 2 , but with different sets of terminations instead of the DUT.
This set of steps is for determining c e , the noise wave emitted by the 6-port network, directly into the measurement ports.
Step3: Two 50 ohm terminations, are used to terminate ports 5 and 6. Step4: Switching the output from port 1 to port 4, the noise waves emanating from the output of the 6-port network for this termination state is measured for each of the four measuring ports. These noise powers are then imported into the calibration equations to determine c e .
This set of steps is for determining c i , the noise wave emitted by the 6-port network into ports 5 and 6, which are reflected and correlated with c e , and appear directly out of the measurement ports.
Step5: One of the 50 ohm terminations is replaced with an open termination.
Step6: Steps 4 is repeated for this state of termination.
Step7: The open and 50 ohm terminations at ports 5 and 6 are switched and step 4 is repeated.
Step8: Next, the open termination is replaced with a short, and step 4 is repeated for this state of termination.
Step9: The short and 50 ohm terminations at ports 5 and 6 are switched and step 4 is again repeated. Step10: The short termination is then removed, and the port is left open without any termination. This is the condition of offset open and step 4 is again repeated. The roles of ports 5 and 6 are now reversed and step 4 is again repeated. The noise powers measured in these steps are then imported into the calibration equations described in section 2 to determine c i and its correlation with c e . This concludes the calibration of the measurement system.
With the measurement system thus calibrated, the noise parameters of a DUT can now be measured. The selected DUT for measurement is Wiltron 10 dB attenuator.
The noise parameters of the attenuator can easily be obtained from simulation, once its S-parameters are measured. The measured S-parameters were imported into Advanced Design System (ADS), a software from Keysight Technologies, as an s2p data item and its noise parameters were obtained from noise simulation. The noise parameters thus obtained are used as the reference for the purpose of comparison with the noise parameters obtained via the 6-port noise wave correlator technique presented here.
Results
According to the Bosma Theory [30] , the noise parameters of a passive device can be obtained from its Sparameters. This theory makes it possible for the noise parameters of a passive device to be determined from noise simulation once the S-parameters are available. We measured the S-parameters of the Wiltron 10-dB attenuator, and after importing same into Advanced Design Systems software, we simulated its noise parameters. This is the most ideal results the noise parameters of the 10-dB attenuator can approach. Thus by comparing the noise parameters results obtained using the measurement technique presented here, we are able to determine to what extent our technique is able to estimate the noise parameters of a sample device. Figure 3 shows the results of the measured noise parameters of the Wiltron10-dB attenuator, which are obtained by converting the measured noise wave correlation matrix using well-known conversion formulae as discussed earlier. The agreement between the measured results via the 6-port network noise wave correlator technique, on one hand and that from the simulated results on the other are obviously very good. In the case of the minimum noise figure, NF min , the mean value is 9.815 dB for the reference (simulated) data and 9.816 for the measured data obtained from the technique presented here. Furthermore, the measured results via the 6-port network noise wave correlator deviates from the simulated results by no more than 0.1 dB. Notwithstanding the large values of the noise resistance, R n , a mean of 151.63 Ω for the 6-port network noise wave correlator technique and 150.476 Ω for the simulated results, the measured data deviates from the simulated results by no more than 1.98%. The two traces in the case of the optimum impedance, Z opt are barely distinguishable. All these underscore very good results from the 6-port noise wave correlator technique. 
Conclusions
A formulation for the extraction of the noise wave correlation matrix with a simplified noise calibration of a designed 6-port network was presented. The simplified calibration procedure, which can be seen to be no more complicated a task than the calibration of a network analyzer for S-parameters measurement, applied to the designed six-port network enabled the extraction of the noise parameter of a 10 dB attenuator in a fairly straightforward manner. The only major cost in the measurement set up is that of the noise figure analyzer, and the rest of the components in the measurement set up can be obtained from any standard microwave lab, with the complement of off-the-shelve low noise amplifiers. Applying this 6-port noise wave correlator technique enables the extraction of the noise correlation matrix of a given DUT, and thus its noise parameters in a fairly fast, low cost and accurate manner.
